The high hydrogen content in complex hydrides such as M[AlH 4 ] x and M [BH 4 ] x (M = Li, Na, K, Mg, Ca) stimulated many research activities to utilize them as hydrogen storage materials. An understanding of the dynamical properties on the molecular level is important to understand and to improve the sorption kinetics. Hydrogen dynamics in complex hydrides comprise long range translational diffusion as well as localized motions like vibrations, librations or rotations. All the different motions are characterized by their specific length-and timescales. Within this review we give an introduction to the physical properties of lightweight complex hydrides and illustrate the huge variety of dynamical phenomena on selected examples.
Introduction
The understanding of the hydrogen dynamics is one of the most exciting challenges in the research on metal-hydrogen systems; its knowledge is a starting point to describe phenomena like optical, electronic and transport properties and mechanisms, and thermodynamics. In (d-metal) hydrides, these phenomena can be satisfyingly approximated within one-electron pictures [1] assuming hydrogen on interstitial sites in the metallic host lattice. Accordingly, the electronic structure changes are similar to those caused by alloying of two metals [2] , and the vibrational properties of e.g. PdD 0.63 are text book examples of phonon dispersions of lattice vibrations in a binary compound [3] .
Recently, complex metal hydrides containing BH 4 -ions have gained attention as hydrogen storage materials [4] . Thereby the hydrogen bond has a completely different chemical character than in the metal hydrides. Thus the above mentioned classical models on hydrogen in metals are not valid anymore.
Compounds containing the tetrahydroborate ion BH 4 -are extensively used reagents, both in inorganic and organic synthesis as well as in organo-metallic chemistry [5] [6] [7] . Alkali and alkaline earth tetrahydroborates form colorless solids, typically supplied as white powders or pellets. They may be solved in organic solvents such as tetrahydrofuran (THF). Research on lightweight tetrahydroborates started in world war II during the attempt to find new volatile uranium compounds [8] . Due to their large volumetric and gravimetric hydrogen density they were proposed as solid rocket fuel [9] or as promising candidates for hydrogen storage [10] . However, their utilization is hindered by slow sorption kinetics and.or by a high thermodynamic stability, leading to high hydrogen desorption temperatures. Thermal desorption of the tetrahydroborates generally follow
(1) Diborane (B 2 H 6 ) [11] and generally compounds containing B x H y have been found as unwanted decomposition by-products [12] [13] [14] [15] [16] . While the dynamics of H in many metallic systems is well understood, only rudimentary knowledge exists for the dynamics of hydrogen in complex hydrides. The reason for this originates from the different structures of the hydrides. Hydrogen in most transition metals occupies interstitial sites and hydrogen can easily jump from interstitial to interstitial, especially in understoichiometric compounds. Accordingly, the diffusion of hydrogen in transition metals is fast with small activation energies. Hydrogen in complex hydrides, on the contrary, is covalently bound to the other element like Al or B, and arranged in subunits ('complexes'). The hydrogen dynamics in such a system comprises the internal H -vibrations, within each complex, the rotation of the complex about specified axes, the motion of the BH 4 units against the metal ions (external H-vibrations) and the diffusion of hydrogen. In order to understand and to improve the hydrogen sorption kinetics, a detailed knowledge of the dynamical properties and the diffusion mechanisms within these lightweight hydrogen storage materials is crucial.
This review is intended to give an introduction to the tetrahydroborates and to illustrate their rich dynamical properties on some recent experimental results having important consequences on the understanding of the physics and chemistry of hydrogen storage in complex hydrides. Starting from the structural properties we discuss the rotational and vibrational motion of the complex anion as well as the sorption mechanism and hydrogen transport. 
Structural properties
At ambient conditions the tetrahydroboranates of the monovalent alkali metals, except LiBH 4 , crystallize in a cubic NaCl-like structure, consisting of positively charged metal cations and negatively charged [BH 4 ] -anions. Within the BH 4 subunits the hydrogen is located at the corners of a tetrahedron, surrounding the boron. As displayed in figure 1 , the hydrogen atoms thereby occupy four out of eight corners of a cube around the B atom, leaving the next nearest corners unoccupied. This implies a random distribution of BH 4 -tetrahedra in two different < 111 > orientations along cube diagonal in the high temperature, disordered phase. There are two sets of high symmetry axes connected with this structure, which are indicated by dashed lines in figure 1. First, there are three 2-fold axes, called c2, which are normal to the cube's face and four 3-fold axes, called c3, which coincide with the body diagonals of the cube. The two possible arrangements may be transferred in one another by a 90°rotation around c2 axis, while a rotation about c3 axis preserves the tetrahedron's orientation, as depicted in Fig. 1 .
The reorientational transition between the two different orientations will be discussed in the next section. LiBH 4 at room temperature crystallizes in the orthorhombic Pnma structure (space group no. 62). Heat capacity studies for the MBH 4 series with M = Na, K, Rb, Cs suggest phase transitions at 190K for NaBH 4 , 76K for KBH 4 , 44K for RbBH 4 and 27K for CsBH 4 , respectively [17] . The low temperature phases of NaBH 4 and KBH 4 have been determined to be ordered tetragonal structures, where one of the BH 4 orientation is "frozen" [18, 19] . In the case of RbBH 4 and CsBH 4 no diffraction evidence for a lowering of structural symmetry has been found [19] . LiBH 4 undergoes a structural phase transition to a hexagonal high-temperature (HT) structure around 380 K [20] . Diffraction studies have pointed out a dramatic increase in hydrogen or deuterium thermal displacements by almost 2 orders of magnitude from 4 to 400 K [21, 22] , which was attributed to dynamical disorder in the HT phase [23] .
The increased disorder also strongly influences the phonon spectrum of the crystal. The phonon density of states (PDOS) of the LT phase depends quadratically on the phonon energy as expected by the Debye theory for acoustic vibrations in crystalline solids, while the HT phase shows a linear dependence of the PDOS as a function of the phonon energy [22] .
The excess of density of states of the high-T phase reveals a high lattice anharmonicity and it is a characteristic feature of glasses and disordered systems [22] . The dynamics of LiBH 4 have also been studied by nuclear magnetic resonance spectroscopy (NMR). Recent studies by Matsuo et al. [41] and Corey et al. [42] reveal a sudden line-narrowing of the 7 Li resonance at the phase transition point, indicative of a a rapid lithium diffusion in the high-T phase. Thereby hopping rates of 10 9 jumps.s have been observed. The NMR-determined hopping is in agreement with large ionic electrical conductivity [41] .
Apart from the ambient pressure phases, several high pressure phases have recently been revealed for LiBH 4 [28] and NaBH 4 [26] . All phase transitions in the monovalent tertrahydroborates were reported to be fully reversible.
While there are extensive studies on the alkali tetrahydroborates, much less is known about the structure and the dynamics of the divalent alkaline earth tetrahydroborates. They crystallize in more complex crystal structures with unit cells for Mg(BH 4 ) 2 comprising up to 330 atoms in P6 1 symmetry [31, 32, [43] [44] [45] [46] . Depending on the sample preparation and treatment several phases have been found to coexist at room temperature. For Ca(BH 4 ) 2 three phases are well established by diffraction experiments and calculations [34, 35, 39] . Even though several phase transitions between those phases have been observed in the past, the complete phase diagrams are still to be discovered. Table 1 lists the known structures together with the structures of their monovalent relatives. Analogous to the behavior observed for the alkali tetrahydroborates, reorientational motions of the [BH 4 ]
-ion have been observed [47] .
Rotational motion of BH 4 -in NaBH 4
In a combined experimental and theoretical study the rotational motion of the BH 4 tetrahedra in NaBH 4 by means of incoherent quasielasic neutron scattering (QENS) and density functional theory (DTF) calculations were investigated [48] . QENS measurements were carried out using the time-of-flight neutron spectrometer FOCUS for cold neutrons located at the continuous spallation source SINQ at the Paul Scherrer Institute in Villigen, Switzerland [49, 50] .
Generally, the scattering function can be written as [51] (
where A 0 (Q) is the elastic incoherent structure factor EISF, δ(ω) represents the elastic term with zero energy width, and L j are the quasielastic contributions each with its own quasielastic incoherent structure factor A j (Q). If the resolution Table 1 . broadened elastic line and the quasielastic component can be experimentally separated, the EISF is a measurable quantity which can be expressed as (3) where I el (Q) and I qe (Q) are the integrated elastic and quasielastic intensities. Figure 2 displays the measured EISF with several models described below. The case of the orientationally disordered NaBH 4 may be treated in analogy to the ammonium halides such as NH 4 Cl, NH 4 Br or NH 4 I, which are classical examples of solid rotor phases. Lechner et al. [52] describe the rotational motion of the NH 4 ion in NH 4 Br by a model corresponding to 90°reorientations (model 1). In this case, the EISF can be expressed as (4) where j 0 (x) = sin(x).x is the 0 th order Bessel function. The same model also reproduces the EISF measured at NaBH 4 . The only fit parameter thereby is the H-H distance a. The fit yields a = 1.35 Å, corresponding to a B-H distance of r = 1.17 Å which coincides nicely with the B-H distance measured by neutron diffraction [18] .
Within the accessible Q-range and the resolution of the instrument, model 1 is indistinguishable from the free rotation (model 2). Other possible models are the two-site jump model (model 3), in which the BH 4 ion rotates around one of the c2 axes, the three-site jump model around one of the c3 axes (which results also in model 3) or the tetrahedral jump model, which describes reorientations of the c3 axis (model 4), can be excluded. A detailed description of the models is given by by Jalarvo et al. [53] . We attribute the deviation at low Q to multiple scattering, which enhances the inelastic part for small angles.
The observed broadening was found to be independent of Q and displays a thermally activated Arrhenius behavior. The measured value of the activation energy of E a = 117(1) meV, corresponding to 10.9(0.1) kJ.mol fits nicely to the value of 11.2(0.5) kJ.mol obtained by NMR spectroscopy [54] and the value of 12.1(0.5)kJ.mol measured by Raman spectroscopy [23] .
The reason why 90°reorientational motions are preferred to other possible rotations lies in the height of the energy barrier that has to be overcome. Based on a plane wave formulation of density functional theory (DFT) [55] , where atomic cores were represented by projected augmented waves potentials [56] , the potential energy for rotation of a single BH 4 tetrahedron within the HT structure of NaBH 4 was calculated. The calculations were performed in the supercell geometry with 96 atoms to minimize errors due to periodic boundary conditions. To model adiabatic rotation no atomic relaxation was performed during rotation of single BH 4 unit. In the course of potential energy landscape calculations all BH 4 tetrahedra, except the rotated one, were fixed. In this initial configuration the nearest BH 4 neighbors within the (a,b) plane are oriented in the antiparallel fashion (rotated by 90°), while they are aligned along the c-axis. Figure 3 shows the calculated two dimensional representation of the potential energy surfaces for rotational motions around the c2 (parallel to the crystallographic c-axis) and subsequent rotation around c3 axes (Fig. 3(top panel) ). Fig. 3 (bottom panel) depicts the energy landscape for the c2 rotation followed by another c2 rotation around a perpendicular axis. The origin of the coordinate system was chosen such that (0,0) corresponds to the energy of the initial state. As expected from the symmetry, further minima occur at c2 = 90°, c2 = 180°and at c2 = 270°as well as at c3 = 120°and at c3 = 240°for c2.c3 axis rotation respectively. For rotation around c2 axes eight minima can be distinguished. Thereby the local minima at c2 = 90°and at c2 = 270°, are representing the parallel alignment of the rotated BH 4 tetrahedron with respect to the initial state (i.e. the same BH 4 orientation as for all nearest neighbors in (a,b) plane). These minima are less pronounced than the minima at c2 = 0°and at c2 = 180°, representing the initial lowest energy state case. The calculation yields a barrier height~210 meV for the reorientation around c2 axis between two distinguished global energy minima, while the escape barrier from the local minima is~110 meV.
In the real crystal, at finite temperature, there is an even distribution of BH 4 orientations, such that all orientations are equivalent. Energetically, both positions will be degenerated and from the energetic point of view, the c2-axis will have 4-fold c4 symmetry. The height of the barrier for reorientation will be in between the two extreme cases. Relaxation processes of the surrounding tetrahedra might slightly lower the barrier, however fast reorientation process will be close to adiabatic one, as in the present calculations. The barrier height for a rotation around a c3 axis is~320 meV and it is larger than for c2 axis. Therefore, we would expect a preferred rotation around the c2 axes. This also can be under- stood by the fact, that rotation around c2 axis do not change orientation of BH 4 with respect to metal cations, i.e. number of hydrogen atoms pointing toward Na remains remains equal to two, while the rotation around c3 axis include unfavorable monodentate orientation with one hydrogen pointing directly toward sodium.
BH 4 -vibrations
In the tetrahydroborates, the pseudo-molecule BH 4 -is ionically bound to the counter ion. Therefore phonons can be well approximated by so-called 'internal' and 'external' vibrations [23, 57, 58] , where 'internal' refers to the characteristic vibrations of the BH 4 -ion, and 'external' refers to the vibrational properties of the whole crystal structure. Accordingly, the labeling ν 1,...,4 of the internal vibrations is based on the vibrational modes of a free BH 4 -tetrahedral molecule, as the effect of the crystal field is small.
The three complementary techniques of vibrational spectroscopy, i.e. inelastic neutron scattering (INS) [59, 60] , Raman scattering [23, 47, 61, 62] and infrared spectroscopy [19, 58] are used to characterize BH 4 -in tetrahydroborates, but also in solution [27, 63] or in a solid matrices [64] . Recently, the inelastic scattering of synchrotron X-ray radiation has been used to characterize the low-lying phonons in NaBH 4 [65] .
As an example, we show here the vibrational spectra of LiBH 4 in fig. 4 . The spectra can be schematically divided in 6 regions, numbered from I to VI as shown in fig. 4 . Region I corresponds to the external vibrations. At the lowest energies are the translational lattice vibrations, where the whole BH 4 -moves against the Li + ion. Phonons originating from librational motions -also called constrained rotations-of the BH 4 -units appear at higher energies, e.g. as a large band from 38 to 59 meV in the INS spectrum. The same region (300-475 cm -1 )is also weakly active in the Raman spectrum, and is attributed in this case to a combination band of the bending and librational vibrations [61] . Internal vibrations of the BH 4 -unit are found in region III (B-H bending) and V (B-H stretching). The narrow internal vibration peaks measured by INS reflect limited dispersion of the BH 4 -phonon density of state. Finally, the broad features observed in region II, IV and VI originate from overtones and combination bands. The comparatively high peak intensities at 2157 and 2173 cm -1 in the Raman spectrum arise from Fermi resonances between the stretching modes and the first overtones of the bending modes [62, 66] .
By recording the width of Raman modes upon temperature increase [61, 67] , the increase in dynamic disorder of the BH 4 -unit can be followed. As seen in fig. 5 , an abrupt increase in disorder occurs at the transition from the low to the high temperature phase that can be modeled by DFT [22] in term of lower rotational reorientation barriers in the high temperature than in the low temperature phase.
Sorption mechanism of complex hydrides probed by vibrational spectroscopy
The consideration of complex hydrides as hydrogen storage materials is a recent attempt, despite the fact that the compounds are known since decades. The reason for this is their extremely slow sorption kinetics. However, in 1996 Bogdanovic demonstrated a reversible sorption behavior of catalyzed sodium alanate being very similar to that of well known classical metal hydrides. Interestingly, the sorption reaction is only reversible under technically applicable conditions, if the material is doped with transition-metal compounds, most efficiently with titanium compounds [68] [69] [70] . A multitude of experimental and theoretical methods have been applied to unravel the mechanism of the formation and decomposition process of NaAlH 4 -so far without a conclusive model [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] . Furthermore, similar effective additives for other complex hydrides e.g. the borohydrides have not yet been found. The principally slow sorption mechanism of complex hydrides can be understood on the basis of the previous sections: complex hydrides decompose into several (at least two, see e.g. reaction ) solid phases and the hydrogen is covalently bound in subunits (e.g. BH 4 ). That means that in addition to a slow hydrogen diffusion a mandatory but very slow metal atom diffusion hinders the formation and decomposition of complex hydrides. In this section, we want to highlight some of the results of the underlying research, in particular those which were gained from vibrational spectroscopy. First step of the investigation of reaction mechanisms is the identification of all participating reactants. Due to the low crystallinity of the solid phases making identification difficult by diffraction methods, Raman spectroscopy was the first method indicating intermediate steps occurring during the decomposition of LiBH 4 [13] . Furthermore, as vibrational spectroscopy is sensitive to vibrations irrespective wether they originate from lattice vibrations or molecular vibrations, vibrational spectroscopy are used to probe solid, liquid as well as gaseous states of complex hydrides. It is in line of thought of rigid molecular entities in LiBH 4 (see previous section) that the fingerprint of BH 4 units has been found in the gas phase of LiBH 4 (rotational spectrum measured by RF-absorption spectroscopy, Ref. [82] ), in liquid LiBH 4 (stretching vibrations measured by Raman spectroscopy, Ref. [83] ), in LiBH 4 dissolved in organic solvents (stretching vibrations measured by IR spectroscopy, Ref. [84] ) and in solid LiBH 4 [62] . An important question related to the effect of additives is wether the additives interact with the hydrides. If they do, a change in the vibrational spectrum is expected. However, the Raman and infrared spectra of doped and undoped NaAlH 4 do not show striking differences, indicating a rather subtle effect of additives on NaAlH 4 [85] . On the other hand, Raman spectroscopy revealed the existence of yet unidentified species, which only occur during the decomposition of doped NaAlH 4 [79, 86] . Thus, the additive seems to change the reaction path way. These experimental results are in good agreement with the model of Guynadin et al. explaining the Fig. 6 . Sketch of the decomposition reaction of NaAlH 4 via vacancy diffusion in NaAlH 4 (taken from Ref. [79] ). Possible vacancies are e.g. charge neutral species like AlH 3 and NaH. At the interfaces, a vacancy is formed. This is filled up by the corresponding atoms from the inner, producing the same vacancy one layer deeper in the bulk. That way the vacancy moves through the crystal.
decomposition reaction via vacancy diffusion in NaAlH 4 [87] . The model of the decomposition reaction is illustrated in Fig. 6 .
Hydrogen.deuterium exchange probed by vibrational spectroscopy is also used to probe the hydrogen transport mechanism in tetrahydroborates: recently we evidenced the presence of all partially exchanged BH 4-n D n units (0 < n < 4) in LiBH 4 exposed to deuterium gas below the melting temperature [83, 88] .
Although the motion of entire BH 4 -units has been identified as the major mechanism for long range mass transport [42, 89] , the fact that D atoms are successively exchanged within the BH 4 units indicate that net transport of atomic hydrogen involves both, the transport of entire BH 4 units and the local H-exchange.
Outlook
The hydrogen in the p-element complex hydrides is covalently bound to boron or aluminum, forming a negatively charged ion. The hydrogen containing anion is ionically bond to the counter ion. Current research on these lightweight complex hydrides is stimulated by their potential use as hydrogen storage materials. In the last decade numerous experimental as well as theoretical studies have been carried out to understand and to improve the hydrogen transport and the sorption kinetics within these compounds. In these review the fundamental dynamical phenomena, comprising internal H -vibrations within each complex, reorientation of the complex about specified axes, the motion of the complex anion against the metal ions (external H-vibrations) and the diffusion of hydrogen, have been described.
Up to now, the dynamics of compounds were discussed as fingerprints to identify and characterize the complex hydrides themselves as well as the reactants during the hydrogen sorption cycle. The exciting question remains how the dynamics of complex hydrides is related to the reaction kinetics. The above discussed results treat the equilibrium or slightly perturbed states of matter (vibrations, diffusion). The explanation of reaction kinetics, though, must include the non-equilibrium states. The small displacement of atoms around their equilibrium positions might or might not be the precursor of e.g. a phase transformation. In LiBH 4 , the softening of certain phonon modes has been interpreted as a precursor of the phase transformation at 110°C. [62] However, the measurement of the mandatory transition state is still an unsolved goal in solid state physics. [90] The development of new techniques and methods to measure the dynamics of the non-equilibrium state of matter is expected to reveal exciting new insights into the physics and chemistry of complex hydrides.
